The C proteins are major components of heterogeneous nuclear ribonucleoprotein complexes in nuclei of vertebrate cells. To begin to describe their structure, expression, and function we isolated and determined the DNA sequence ofXenopus laevis C protein cDNA clones. The protein predicted from the DNA sequence has a molecular mass of 30,916 kDa and is very similar to its human counterpart. Although mammalian genomes contain many copies of C protein sequence, the Xenopus genome contains few copies. When C protein RNA was synthesized in vitro and microinjected into stage-VI Xenopus oocytes, newly synthesized C proteins were efficiently localized in the nucleus. In vitro rabbit reticulocyte lysate and in vivo Xenopus oocyte translation systems both produce from a single mRNA two discrete polypeptide species that accumulate in a ratio similar to that of mammalian C1 and C2 proteins in vivo.
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Biogenesis of mRNA in eukaryotes features a complex series of posttranscriptional events. These include processing and modification of primary transcripts to remove intervening sequences and create 3' termini, selective degradation of a large fraction of newly synthesized heterogeneous nuclear RNA (hnRNA), and efficient translocation of mature mRNA to the cytoplasm. These critical events in RNA metabolism display high sequence specificity and can be regulated both qualitatively and quantitatively to yield biologically significant alterations in the pattern of gene expression. Several diverse lines of evidence indicate that the substrates for intranuclear RNA processing and transport are not naked nucleic acids, but rather are ribonucleoprotein (RNP) complexes. These nuclear RNP complexes are subsequently dismantled in conjunction with export of RNA to the cytoplasm where messages are associated with a new set of RNPs (for reviews, see refs. 1 and 2).
The first RNP complexes to form on polymerase II transcripts are referred to as heterogeneous nuclear RNPs (hnRNPs) or ribonucleosomes, and they are assembled cotranscriptionally. These have been visualized in striking electron micrographs in which nascent transcripts are seen in a pattern of 200-A RNP "beads on a string" (3) (4) (5) (6) (7) . Limited ribonuclease digestion of nuclear RNP yields a population of relatively uniform stable monomers that sediment at 30-40S under temperate salt and pH conditions (8) (9) (10) (11) . The protein complement of a monoparticle preparation consists of a discrete set of highly conserved polypeptides (1, 2, 9, 12, 13 ). An alternative approach to defining proteins closely associated with RNA is to chemically or photochemically crosslink them (14) (15) (16) (17) . The suite of RNP proteins identified by in vivo UV crosslinking displays remarkable overlap with the set detected by extraction of nuclei and gradient fractionation, although some species specific to each method of preparation are also seen (for reviews, see refs. 1 and 2).
Among the hnRNP proteins defined by the above biochemical criteria are the "core" ribonucleosome proteins. The widely used nomenclature of LeStourgeon et al. (9) designates prominent core hnRNP components from human cells in culture as A, B, and C proteins based on their migration pattern in sodium dodecyl sulfate (SDS)/polyacrylamide gels. It is thought that these proteins comprise a protein core offixed stoichiometry with RNA wrapped around the outside of the particle (1, 2, 12, 18, 19) . The type C proteins are especially tightly associated with RNA. They are, in comparison with the A and B proteins, the least sensitive to dissociation from RNA at increasing salt concentrations (1, 9) and are also among the most efficiently UV-crosslinked core components (16, 17, 20) . C proteins are of particular biological interest because, in addition to their close physical association with hnRNA, they have recently been shown to be required for proper removal of intervening sequences in a mammalian in vitro splicing system (21) .
The assembly and fate of the core hnRNP is of interest because it defines the first known posttranscriptional structure formed on the pathway leading to RNA maturation and transport out of the nucleus. Oocytes of the frog Xenopus laevis offer some special advantages for the study of RNA processing (22) (23) (24) (25) (26) and transport (27) (28) (29) (30) . We therefore initiated detailed molecular characterization of key proteins comprising the Xenopus nuclear hnRNP structure. In this report we describe the isolation and characterization of Xenopus C protein cDNAs and their RNA and protein products.t MATERIALS AND METHODS DNA Sequence. A Xenopus Agtl0 ovary cDNA library (gift of D. Melton) (31) was screened with 32P-labeled clone 4F4 human C protein cDNA insert (32) . Hybridization criteria were 550C in 5x SSPE (lx SSPE = 0.18 M NaCl/10 mM phosphate, pH 7.4/1 mM EDTA) followed by washing at 550C with 2x SSPE. The sequence of pXEC1.3 was determined on both strands from overlapping clones by standard techniques (33) (34) (35) .
DNA and RNA Analysis. DNA was prepared from the blood of a single female frog (36) , and gel blots were performed on Pall Biodyne membranes with uniformly 32P-labeled singlestrand probes of 109 dpm/,ug. RNA was prepared from Xenopus liver, ovary, and A6 cultured cells essentially as described (37) GAATTCCGCCCCTCTAATCTCCGCGATAATC TAGCTCACAT AT T TATTTGAAGGT TAAAGGCCTCA TAACAAAACGAATGGCAAGGGCTCATGTCTATCACACAGACGCTGTTGTGAT TACTAGAAAGT TTCTGCAAGCGAAGAAT TTT TTT TGAAACTTCA 
ACTACCGCCA^AAT TGCGTCCCCTCAT TCCATCATGATGGCCAGTAATGTGACT AACAAGACGGATCCCCGT TCGATGAACTCGCGTGTAT TTAT TGGGAACCTTAATACGCT TGT TGT TAAGAAAACTGATGTAGAAGCAAT CT T TTCAAAATATGGAAAG 324 TCTCGGCGTGGTAAGAGTGGCT T TAACTCAAAAAGT GGCCAGCGAGGTGGT TCCT CAAAA TC TAGT AGAT TGAAGGGAGA TGATCT TCAGGCAATCAAAAAGGAGCTCAGTCAGATAAAGCAGAGAGT AGAT TC TCTCT TGGAAAACCTAGAAAGGAT TGAG 810
CGTGACCAGTCAAAACAAGATACCAAATTAGATGATGACCAAAGCAGCGT TTCT TTAAAGAAAGAGGAGACTGGTGT TAAGC TGAT AGAAGAAACAGGGGAT TCTGCAGAGGAAGGAGAC TTGCT TGATGA TGATGAACAGGGTGAAGACACGC TTGAAGAA 972
ATTAAAGATOGAGACAAAGAAACAGAAGAGGGAGAAGATGAAGGAGACAGCGC TAACGAGGAAGACTC T TAAA TTCAT TAACCT TTCA TGT AAC TCT TCA TCTGC TTGTCT T TCTGT C TTGTC TCA TAGCACC T TTC T TAACAGTCCCTCAATCCATCCGC T   1134 GCTTTAAGCTTGTTTAAATATGCACCCTCCTATCCCTCAGCCTCCATTTCATTTTGATACCTGTTTGCGACTTCTAGAATAAAAGTGTATTGT TTTTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA (31) . Cloned cDNAs of 1.0-and 1.3-kb lengths derived from two independent phage were subcloned, mapped, and sequenced. The 1274-nucleotide (nt) sequence of Xenopus C protein clone pXEC1.3 is shown in Fig. 1 Fig.  1 as the first possible initiation site for C protein synthesis. The methionine codon at position 2 in the open reading frame best conforms to the preferred consensus for translation initiation (41) . The open reading frame codes for a protein of 30,916 Da, although the protein products produced by transcription and subsequent translation of the cloned sequence migrate in SDS gels with apparent molecular masses of 41 and 39 kDa (Fig. 3) . The 3'-untranslated segment contains a single copy of the consensus signal for terminal cleavage and poly(A) addition, AATAAA (42) , and a poly(A) tract that begins 20 nt downstream.
To confirm that the Xenopus clones isolated in this report are significantly similar to the human C probe, we determined the DNA sequence corresponding to the first 77 amino acid residues of the human clone. The DNA sequences display 83% identity and the protein sequences 92%, with all amino acid substitutions being functionally conservative (data not shown). While this work was in preparation the full human sequence was reported (43) , and the sequence similarity extends throughout the protein coding sequence. The amino acid composition and expected isoelectric point of the Xenopus C protein deduced from our DNA sequence data agree remarkably well with those determined empirically for mammalian C proteins (13) The 5' end of C protein mRNA has a long untranslated leader that is represented in clone pXEC1.3, whereas pXEC1.0 possesses a shorter 5'-untranslated segment. To better define the 5' end of this RNA, a labeled primer was hybridized with total liver RNA and extended with avian myeloblastosis virus reverse transcriptase (Fig. 2B) . A prominent product 33 nt longer than pXEC1.3 was seen; this is consistent with the mRNA length seen in the RNA gel blot experiments and indicates that the 5'-untranslated segment is =228 nt in length. This size constitutes a minimum length, and definitive assignment of the transcription start will require cloning and transcript mapping of genomic sequences.
One RNA Species Produces Two C Proteins. RNP preparations from mammalian cells contain two distinct C protein species that can be resolved in SDS/polyacrylamide gels, and these species occur in a relatively reproducible ratio of =1: 3, with the more slowly migrating species present in lower amounts. We investigated the synthesis of Xenopus C protein from defined cloned mRNAs transcribed in vitro by SP6 polymerase. These were translated in rabbit reticulocyte extracts and in Xenopus oocytes. RNA transcribed from pXEC1.3 contains the long 195-nt 5'-untranslated segment, and in both translation systems this RNA produced two polypeptide species that migrate with apparent molecular masses of 41 and 39 kDa in a ratio similar to in vivo RNP preparations from mammalian cells (Fig. 3 A and B) . Surprisingly, only the 39-kDa product is produced when the shorter pXEC1.0 RNA is the template (Fig. 3B) . As the two RNAs differ only in the lengths of their 5'-untranslated sequences, it seems unlikely that the protein species arise from some posttranslational modification. Although it is formally possible that the 41-kDa product could initiate from an upstream methionine shifted into frame by an SP6 transcription error, a more attractive alternative is that the two protein species are produced by the use of more than one initiation codon in the major open reading frame (methionine 1 or 2 versus methionine 15, for example). If this explanation is correct, it suggests that the mechanism by which the initiation choice is made must depend, at least in part, on the Fig. 1 .
5'-untranslated leader. Furthermore, the choice is made similarly, both quantitatively and qualitatively, in frog oocytes and rabbit reticulocyte lysates. This choice is probably not a peculiarity of the Xenopus gene because C protein RNA prepared by hybrid selection from cultured human cells was recently shown to produce both C1 and C2 in a reticulocyte translation system (43) . The nature of the difference between C1 and C2 proteins and the molecular mechanism by which it is generated should be decisively resolved by direct protein sequence determinations together with site-directed mutagenesis of 5'-untranslated sequences and proposed initiation codons.
Nuclear Localization. In mammalian somatic cells RNP proteins are localized in the nuclei 'of interphase cells. To examine the subcellular localizatiop of C protein in Xenopus oocytes, the cDNA sequences were inserted into the bacteriophage RNA polymerase vector pSP65. Capped RNA was transcribed by SP6 polymerase, and the RNA was microinjected into the cytoplasm of stage-VI Xenopus oocytes. Newly synthesized proteins were labeled by incubating the oocytes in [35S]methionine. The distribution of labeled C protein was measured by dissecting oocytes into cytoplasmic and nuclear fractions and subjecting the samples to SDS gel electrophoresis (Fig. 3A) . In most experiments 80-95% of both newly synthesized C protein species were in the germinal vesicle fraction after 4-20 hr of labeling. The nucleus composes =412% of the oocyte volume (excluding yolk platelets), so the observed distribution of C protein corresponds to a 7-to 18-fold concentration in the nuclear compartment. Other newly synthesized proteins encoded by endogenous and heterologous RNAs for nonnuclear proteins are not localized in the germinal vesicle (Fig. 3 and B. W., unpublished data). The data presented here do not provide a direct measure of the kinetics of import into the nucleus, but the shortest labeling periods showed accumulation of >85% of both C protein species within 4 hr, suggesting that import is quite rapid.
A characteristic of some rapidly accumulated nuclear proteins is the presence of one or more copies of a small nuclear localization sequence (for review see ref. 45) . A search of the Xenopus C protein revealed one candidate sequence beginning at residue 141, Pro-Ser-Lys-ArgGln-Arg-Val, that is a 5/7 match with the consensus simian virus 40 large tumor antigen nuclear localization tag (46) and also resembles related sequences in the nuclear localization region of Xenopus nucleoplasmin (47) . Although this sequence appears to be a good candidate for the nuclear target sequence (differences from tested sites are conservative or appear at the most flexible residue), its physiological significance remains to be determined.
C Protein Sequences in the Genome. Mammalian genomes contain numerous sequences that hybridize with the human C protein clone (32) , and by analogy with genomic cloning data for other human RNPs, it seems likely that many C protein sequences will turn out to be pseudogenes (C. Morandi, personal communication). In contrast to the mammalian data, gel blots of DNA from a single frog show a simple pattern of one-to-three fragments with different restriction enzyme digests. Comparison with known copynumber standards (Fig. 2C) and the results of screening frog genomic libraries all indicate that the Xenopus genome contains a very small number of C protein genes-probably only two or three per haploid genome. Reducing the hybridization and filter-washing stringencies by 10°C failed to identify any new Xenopus DNA fragments that would indicate divergent but related genes.
C Protein Structure. Several features of the Xenopus C protein sequence are of interest with respect to its interaction with RNA, its possible contributions to RNP assembly and architecture, and its localization in the nucleus. Three poGenetics: Preugschat and Wold 9672 Genetics: Preugschat and Wold tential domains can be identified, and these domains are noted in Fig. 4 . The amino-terminal domain of =90 residues shares with other RNA-binding proteins a similar array of aromatic residues as well as a specific octapeptide sequence that has been found in virtually all nuclear RNA-binding proteins for which sequence information is available. The octapeptide was first noted in mammalian A protein sequence (49) (2, 62) .
The presence of the octapeptide sequence in diverse RNA-binding proteins together with the potential nucleic acidbinding character of the sequence itself, suggest that the sequence plays a role in RNA-protein interactions. However, the motif of aromatic amino acids with a nearby basic residue is not confined to the conserved sequence and also appears at several other points (arrows in Fig. 4 (62) .
A distinction between the proposed RNA-binding domain of C protein and that of all other such domains identified to date is its net charge. C protein is acidic overall, but this is entirely due to the concentration of aspartic and glutamic acid residues in the hydrophilic carboxyl-terminal domain. The amino-terminal RNA domain alone is, in fact, highly basic with basic-to-acidic content of 12 (47) . Nucleoplasmin facilitates nucleosome assembly (66, 67) , apparently by neutralizing positive charge on core histones. This structural similarity between nucleoplasmin and C protein makes it interesting to consider a potential functional analogy in which C protein may play a role in ribonucleosome or spliceosome assembly by neutralizing basic proteins such as the A and B core hnRNPs. In this case, however, C protein would remain as a component of the ribonucleosome, whereas nucleoplasmin does not remain as part of the assembled nucleosome.
The availability of cloned cDNAs coding for several nuclear RNA-binding proteins [poly(A)-binding protein of yeast (50, 51) and Xenopus (R. Moon, unpublished work), A protein of rat (55) and Xenopus (D. Ruff and B.W., unpublished data), and C protein of human (43) and Xenopus] should now permit decisive tests for the function of different RNP domains and of explicit features within a domain.
